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The history and theory of the doubly labeled water technique'-2

John R Speakman

ABSTRACT Scientists have been measuring energyjars over water and charted the change in volume of the air inside
expenditure by using gas exchange for the past 200 y. Thibe jar from the change in the movement of the water. He observed
technique is based on earlier work in the 1660s. Gas exchangetimat mice died when they had consumed about one-fourteenth of
respirometers provides accurate and repeatable measures tbé air in the bell jar. Mayrow accordingly established the idea that
resting metabolic rate. However, it is impossible to duplicate irthe air consists of different parts, only some of which are usable
a respirometry chamber the diversity of human behaviors thébr the process of respiration. A significant discovery, for which he
influence energy expenditure. The doubly labeled wateis not generally credited, is the invention of a chamber that
technique is an isotope-based method that measures the eneripwed the quantification of the consumed portion; this was the
expenditure of unencumbered subjects from the divergence ffirst respirometer. The significance of Mayrow’s observations was
enrichments of 2 isotopic labels in body water—1 of hydrogemot widely recognized, mostly because of the prevailing alchemic
and 1 of oxygen. The method was invented in the 1950s anflamework within which they were interpreted.
applied to small animals only until the early 1980s, mostly A century after the innovative work of Boyle and Mayrow, the
because of the expense. Since 1982, when the first study French chemists Lavoisier and Seguin started systematic investi-
humans was published, its use has expanded enormouslyations of respiration as a process analogous to combustion. In
Although there is some debate over the precise calculatiothe intervening century, important advances had been made
protocols that should be used, the differences betweetoward the understanding of the chemistry of gases: in 1757
alternative calculations result in relatively minor effects on totaldoseph Black had discovered carbon dioxide (“fixed air”), and in
energy expenditure estimates:@%). Validation studies show 1774 Joseph Priestly had discovered oxygen. The procedures
that for groups of subjects the method works well, but thaused by Lavoisier and Seguin mimicked closely those developed
precision is still relatively poor (8-9%) and consequently theby Mayrow, the key difference being the framework within which
method is not yet sufficiently refined to provide estimates ofthe observations were interpreted. The methods involved confin-
individual energy expenditures. Am J Clin Nutr 1998; ing animals or humans in chambers to quantify their consumption
68(suppl):932S-8S. of oxygen and production of carbon dioxide. The chambers they
used were relatively unsophisticated. Animals were still confined
KEY WORDS Doubly labeled water, gas exchange, in bell jars, and human subjects were confined in varnished silk
respirometry, energy expenditure, carbon dioxide productionbags secured around the nose and lips with pitch.
indirect calorimetry, dilution spaces Lavoisier and Seguin made several important discoveries
about oxygen consumption. First, they found that larger persons
consume more oxygen than smaller persons. Second, they found
INTRODUCTION that people sitting quietly at rest consumed less oxygen than
The knowledge that respiration and ventilation are essentidhose standing up or moving about. Finally, they discovered that
functions of life dates back to at least biblical times. In@@&  after a meal, oxygen consumption was elevated even in a person
TestamentBook of Psalmsfor example, it is stated with respect sitting at rest. Perhaps most importantly, the work of Lavoisier
to animals, “When thou takest away their breath they die” (Psalmand Seguin established the methodology of indirect calorimetry
104). Although it was clear to ancient humans that animals had that has remained the benchmark method for the quantification
breathe to live, the exact physiologic function of breathing waof animal and human energy expenditure to this day.
obscure. For many years it was widely believed that inspired air Since the end of the 18th century, the chambers in which ani-
served to cool the heat generated by a fire burning in the heart (Ihals and humans are confined have become increasingly sophis-
Scientific study of animal respiration only commenced in theticated. Moreover, sealed systems have been replaced with open
1600s. In 1660 Robert Boyle observed that mice that had bedlow systems linked to advanced gas analysis equipment, so
sealed into bell jars expired at the same time that a burning flan~~
became eXtIDQUIShed' qule thus_ established 2_ Important princ 1From the Department of Zoology, University of Aberdeen, Scotland,
ples: the equivalence of fire and life as combustion processes aiypjteq Kingdom.
the requirement of air to support these processes. 2Reprints not available. Address correspondence to JR Speakman, Depart-
Less well known, but probably of greater significance, was thément of Zoology, University of Aberdeen, Aberdeen AB24 2TZ, Scotland,
work of John Mayrow. In 1668 Mayrow placed mice in sealedUnited Kingdom. E-mail: J.Speakman@abdn.ac.uk.
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subjects no longer have to die to provide a measurement. Nevenvolved comparisons of estimates of carbon dioxide production
theless, it is clear that no matter how intricately designed suchy standard respirometry and the DLW method in 15 laboratory
chambers become they will never be able to reproduce the comiice, was published in 1955 (8). The technique provided an esti-
plexity of activities in which people are engaged as they go abounhate that differed from the standard method<®+~3% on aver-
their routine lives. Yet, our understanding of many of the nutri-age, depending on the assumptions made about the behavior of
tional problems facing humans depends on reliable and accuraiteotopes both in the body and during elimination from it. It was
measurements of their energy demands as they go about th@mmediately clear that the method worked and that it had a
everyday business. The inadequacy of traditional calorimetryremendous advantage over standard respirometry measure-
apparatus has been recognized for a long time, and there hameents. As Lifson et al (8) put it in the introduction to their 1955
been many attempts to develop methods, such as heart-rate mgaper, “a measurement is made possible merely by taking 2
itoring, that enable the energy demands associated with free-lilzlood samples to reconstruct the isotope elimination curves.”
ing activities to be monitored (2—4). The doubly labeled watefThis meant the animal could perform a whole variety of natural
(DLW) technique is a method that allows the measurement dfehaviors between the taking of the 2 samples unconstrained by
energy demands of free-living subjects. The success of thisonfinement in a respirometry chamber. Yet it would be another
method prompted Prentice (5) to remark that its developmer y before this potential advantage of the method was actually
was as significant an event in the history of animal and humaexploited to study metabolism of a wild animal (9). The method
nutrition as the work of Lavoiser and Seguin had been. was used to measure the energy costs of flying in homing
pigeons Columba livig (9) in 1964. The author was also based
at Minnesota and associated with Lifson’s group. Indeed, Lif-

HISTORY OF THE DOUBLY LABELED WATER son’s group was the only group in the world to use the method
TECHNIQUE between its original development and 1970, and during that time

The discovery of rare heavy isotopes of oxygen and hydrogetihey produced only 9 papers using it, of which 6 were validations
in the late 1920s and the 1930s transformed many areas of bigkll on small rodents), 2 were applications, and 1 was a complete
ogy. This is because these substances were chemically athitoretical analysis of the method and its underlying assump-
physically almost identical to the common light forms of thetions (10). This theoretical paper has formed the basis of all the
elements. The rare isotopes were thus ideal as tracers for tsabsequent theoretical discussions of the method. Few of the
behavior of oxygen and hydrogen, and therefore water, in thadvances made since the mid-1960s are not addressed in this
body. Until their discovery, scientists relied on water-solublepaper. By the mid-1990s, 30 y after publication, records from the
dyes to investigate water dynamics. For example, knowrScience Citation Indefinstitute for Scientific Information, Uni-
amounts of the dye Evans blue were injected into subjects to seersity of Aukland, New Zealand) indicate that this paper was
how diluted it became and thus evaluate their plasma blood votited at least 50 times/y.
ume (eg, 6). In the early years after the discovery of isotopes, In the 1970s, several other groups started to use the method.
the major problems with their use related to their expense, lac&tudies by these groups exploited the ability of the method to
of availability, and, for stable forms, the lack of equipmentmeasure the free-living energy demands of small animals. The
capable of accurately measuring their abundance. These profirst measures on a free-ranging mammal (pocket mdteseg-
lems were solved principally as a byproduct of the need tmathus formosu) were made in 1970 (11) and the first on a free-
understand more about the behavior of isotopes and to artifliving reptile (lizard,Sauromalus obesysn 1972 (12). All the
cially enrich them during the development of atomic weapons aanimals on which the method was used between 1955 and 1975
the end of the Second World War. weighed <1 kg. There were no attempts to apply the method to

By 1949, Lifson et al (7), at the University of Minnesota, hadhumans to evaluate free-living energy expenditures for 2 rea-
performed several experiments in mice that involved injectingsons. The first reason is that it was prohibitively expensive. In
them with stable isotopes of oxygen in water or forcing them td 973, for example, it was estimated that to use the method on a
breathe air enriched witHO. These experiments clearly showed single 70-kg human would costUS$50000 (13). For compari-
that the oxygen in body water was in complete isotopic égaili  son, the most expensive production automobile in 1973 was the
tion with the oxygen in respiratory carbon dioxidéis equili-  Rolls Royce Phantom VI that cost £17 8US$30000 at cur-
bration occurred principally because of isotope-exchange reactioment exchange rates). The second reason was that clinical prob-
catalyzed by carbonic anhydrase during bloodtgassport. The lems involving disorders of energy balance (eg, obesity) were
consequence of these exchange reactions is that a dose of oxydess prevalent in Western populations at the time (14, 15), and
isotope introduced into the body of an animal is removed by thénks between such disorders and other clinical problems were
flow rates of water, inspired oxygen, and expired carbon dioxideot fully understood. Thus, in the early 1970s we had available a
through that body. Although this consequence was not stated byethod that would have cost the equivalent of 2 Rolls Royce
Lifson et al (7), its significance was clearly not lost on theautomobiles per subject to implement and no immediately appar-
authors. If an isotopic label of oxygen is eliminated from theent clinical problem of sufficient importance to which the results
body by both carbon dioxide and water, an isotopic label otould be applied.
hydrogen would be eliminated only by the water. Thus, the dif- The cost of'®0 declined throughout the 1970s, and develop-
ference in the elimination of the 2 labels simultaneously intro-ments in mass spectrometer technology made it feasible to label
duced into the animal (thus DLW) would provide a measure ofubjects at much lower levels and still retain precision and accu-
the carbon dioxide production and hence indirectly the energyacy of analysis. By 1980, the costs of a study of a 70-kg subject
expenditure. had declined to 4S$2000. Moreover, the impetus to perform

It took 6 y to develop this simple theory into a working such studies was increasing because the prevalence of morbid
method. The seminal publication on the DLW technique, whichobesity increased during the previous decade, and links between
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FIGURE 1. Number of studies in peer-reviewed journals (excludir
abstracts) that used the doubly labeled water technique in the y Ti
1981-1997 (through June) from tBeience Citation Indefinstitute for ime
Scientific Information, University of Aukland, New Zealand). Since tt._ FIGURE 2. Theoretical time course of enrichments of isotopes of
first study in humans in 1982 the use of the technique has continued foxygen and hydrogen in body water after administration at time zero.
grow. Over an equilibration period of several hours the isotope enrichments

rise to a peak. If the amount of administered isotope is known, the peak

enrichment can be used to establish the volume of dilutant material in
obesity, heart disease, and other clinical problems were becomirthe body (called the dilution space) by using the dilution principle. After
increasingly apparent (eg, 16, 17). It seems plausible that increaequilibration, the isotopes are washed out of the body along an expo-
ing financial feasibility combined with practical applicability led nential track (which is linear when expressed as the log of the enrich-
to the first use of the method in humans. Indeed, previous reviewMent above background as shown here). The oxygen isotope leaves the
of the history of the method have painted this picture (eg, 5). Th2dY faster than the hydrogen isotope because it is washed out of the
facts, however, do not accord with this interpretation. body by water and carbon dioxide. A measure of carbon dioxide pro-

. . duction and hence energy expenditure is made from the divergence of
Th_e method was apparently independently discovered by aCChe enrichments between time 1 and time 2. During this interval (4-14 d
dent in the early 1980s because of an anomaly that occurred dij, 4 typical study in adult humans) the subject is free to engage in usual
ing attempts to crosscheck hydrogen turnover estimates of wat activities without the need to be confined in a respirometery chamber.
requirements in humans (18). When the first DLW measuremerNote: the relative timings of the equilibration and elimination phases are
was made on a man in 1980, Schoeller had no notion that he wnot drawn to scale and the extent of divergence is exaggerated for illus-
using a method that had been developed 25 y previously and trative purposes.
that time was in relatively widespread use by researchers stud
ing the energy demands of small animals. The first validatior
study using the DLW method in humans was published in 1982ange of human subjects of varying body masses, ages, and activ-
(19). Validation studies of the method in humans proliferated irities; and more bizarre human endeavors, such as climbing Mount
the literature over the next 6 y. These validations included studeverest (27) and competitive bicycle racing for 21 d (28). A
ies of infants (20, 21) and adults (22, 23). The first application ofeview of the measurements made on free-living human subjects
the method in a group of free-living humans was published irwas published in 1996 (29).
1985 and addressed the energy expenditure of obese and lean
subjects living in Cambridge, United Kingdom (24).

Since the mid 1980s, use of the method has expanded enofHEORY OF THE DOUBLY LABELED WATER METHOD

mously Figure 1) in concert with a proliferation of validation The fundamental basis of the DLW method is that oxygen
work (in both humans and animals). By the mid-1990s the techturnover in a body is dominated by the flow of water through the
nique was being used #70-90 publications/y. Attention has body as well as inspired oxygen and expired carbon dioxide. The
focused on the underlying assumptions on which the method isirnover of body hydrogen, however, is dominated only by the
based, and refinements in the calculation method have been prilew of water through the body. Consequently, the difference
posed (eg, 25) and widely adopted. The method has been applibdtween the turnovers of oxygen and hydrogen provides a meas-
to an ever increasing array of wild animals of an expandingire of the excess efflux of oxygen that is equivalent to the pro-
range of body sizes. As of June 1997, the largest species to whiduiction of carbon dioxideF{gure 2).
the method was applied was the polar bé&dnss maritimug, In practice, the method involves introducing isotopes of both
weighing 250 kg (26), and the smallest was the honeyhpis ( oxygen and hydrogen into the body water to quantify the
mellifera), weighing only 83 mg (TJ Wolf, unpublished observa- turnover of the body pools of the 2 elements. The size of the
tions, 1996). In addition, the method has been applied to meagool in which the isotopes are distributed and the rates of their
ure the energy costs associated with several clinical conditionslimination provide direct estimates of the flow of compounds
(paraplegia, parenteral nutrition, and burns); routine activities of @arrying the 2 labels out of the body. The rates of isotope elim-
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ination are quantified from the exponential decline in isotope CO, =

enrichment in the body water (Figure 2). Given the isotope [(N/2.076) - k,— kg)] — 0.0246 - 1.05 - (¢,— k;) (4)
enrichment in a sample taken shortly after isotope administra- .

tion (E)) and a second sample taken some time |&grthe Pool size models

elimination rate K) is calculated from the extent that these 2 In the original formulation of the model, Lifson et al (8) assumed
body enrichments exceed the background isotope ldggl (that the oxygen and hydrogen in the body were turning over in the

Generally, for any isotopic label, body water ). However, both oxygen and hydrogen exist in other
pools in the body, and the sizes of these extra exchanging pools are
k = [Log.(E, — E;) — Log(E; — Ep))/t (D) not equal. Generally, the hydrogen pool exceeds the oxygen pool by

3-5%, which in turn exceeds the body water poois. Kinetic
In its very simplest form, therefore, the DLW method sug-analyses indicate that the true estimate of the flow of materials is the
gests that the elimination rates of oxygkg) &nd hydrogenk() product of the elimination rate and the size of the pool in which the
turning over in the body wateNJ are related to the rate of car- isotopes are turning over. Thus, rather than multiplying the differ-

bon dioxide productionrCO,) by the formula ence in elimination rates by the body watdy, {t was thought that
each elimination constant should perhaps be multiplied by its own
rco, = (N/2) - k, — ky) 2 dilution space in the body, Nand N, respectively. Therefore,

Schoeller et al (25) modified equation 4 to
where the value 2 is a constant reflecting the fact that 1 mgl CO
removes 2 atoms of &nd 1 mol HO leaving the body removes rCO,= (1/2.076) - K, - k, — Ng - kg) —
only 1. 0.0246 - 1.05 - (&, — ky) (5)
Fractionation In this equation, the first term includes the elimination con-
Unfortunately, rare isotopes do not behave exactly like theistants each multiplied by the respective dilution spaces, but in
common counterparts. In particular, when compounds react adhe second term they are still multiplied by the body watgr (
when they are vaporized, the lighter species tend to require le€choeller (30) modified the equation so that in both terms the
activation energy and thus react or vaporize more readily thaelimination constants are multiplied by their respective dilution
the heavier species. This discriminatory effect is termed fracspaces, as follows:
tionation, and a constant value, called the fractionation factor,
expresses the extent of the discrimination in any particularCO, = (1/2.076) - K, - k, — Ng - ky) —
process. The fractionation factor represents the ratio of the 0.0246 - 1.05 - (M, — Ngky) (6)
enrichment of the rare isotope in the 2 phases. For example, the
fractionation factor for hydrogen in gaseous water compared However, the justification for this modification was ques-
with liquid water at 25C is 0.94, meaning the enrichment of the tioned recently (31) on the basis that the value 1.05 in equation
rare isotope (deuterium) in the gaseous phase is only 94% of thatwas included to account for the difference betwhiéig—k,)
in the liquid. The existence of fractionation complicates the simand (Nk,—N4y), and consequently, by including 1.05 and
ple model because fractionated material leaving the body doddl k,—Ngk,), a double correction for the pool size difference is
not take with it the same amount of label as that left behind imade. However, the practical consequences of these differences
the body. The effect is further complicated by the fact there aréor a typical study has been shown to be relatively trivial
2 different modes of fractionation (kinetic and equilibrium) and(<0.5%) (31).
they discriminate against the heavy species to different extents. Lifson et al (8) evaluated the effects of using both pool sizes
The importance of fractionation was recognized by Lifson etather than a single pool size in their validations of mice and
al (8), who generated a correction based on some simplifyingoncluded that it did not improve the fit of DLW estimates to
assumptions about the nature of the fractionating process. Thelyjose made by indirect calorimetry. However, this may have
assumed that the carbon dioxide leaving the body was all fradzeen because the effects of the different pool sizes on the cal-
tionated and that half the water losses were also fractionatedulation were already being accounted for by the erroneous
They then used the equilibrium fractionation factors at®25 assumptions concerning fractionation. Nevertheless, recalcula-
measured in vitro for all the fractionating processes to derivéion of all the original validation studies from the 1950s using
the following equation: the more modern equations confirmed that, in small rodents,
the equation that includes only a single pool performs better
rco, = (N/2.08) - k,— ky) — 0.015 - k-N 3) than the 2-pool model (31).
Coward et al (32) and Schoeller et al (25) reevaluated the
In validation, this equation performed much better than theeffects of using different pool models in humans and came to the
equation that ignores the fractionating effedg @ above) (8).  conclusion that using the 2-pool model provided a better fit to
However, it is clear that the corrections are based on severahlorimetry data than did using the single-pool model. This dif-
dubious assumptions. Schoeller et al (25) overhauled the fraderence between the appropriateness of the different models in
tionation correction, making more realistic assumptions for thaifferent-sized subjects appears to reflect a real biological dif-
processes involved in humans. Specifically, they used the fraderence between small rodents and humans.
tionation factors pertinent at 3C rather than 2% and In fact, in addition to a small extra exchangeable pool, there is
assumed that fractionated water losses would occur in propoalso a small extra hydrogen elimination route. The excess hydro-
tion to the rate of carbon dioxide production. The resultangen space in adult humans is similar to that in adult small mam-
equation was mals (being 3—-4% greater than the oxygen space in both) but the
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extra elimination route is not; proportionally, it is much larger inthe final estimate of carbon dioxide production (36, 38, 39).
the small mammal (33). Theoretical analyses of the pool struc- | reviewed previously all the data available as of July 1996 on
ture show that the extent of the extra elimination offsets thdoth animals and humans for this ratio (31). This survey revealed
effect of the extra pool (8, 33, 34). Thus, in small mammals withthat across 15 studies in mammals, the mes®D( dilution
a high extra elimination route, the single-pool model works bestspace ratio was 1.044 0.025 and across 9 studies in birds the
but in larger subjects the 2-pool model works best. Subsequenatio was 1.0427 0.033. Across 19 studies comprising 590
validations in animals of a range of body sizes confirmed thimdult humans the weighted mean was 1.0387 (31). This value
effect and suggest that the single-pool model is probably appraacludes all data, irrespective of whether analyses were per-
priate in animals weighing5 kg (35). formed directly on urine or on water distilled from the urine.
The effect of body size on the appropriateness of differenDebate over the most appropriate population estimate is certain
pool models raises the interesting question of what might be th&® evolve as more data are published. However, a consensus is
most appropriate method to calculate the metabolism of smalikely to fall between the limits of 1.03 (25) and 1.0427 (36).
infants (<3—4 kg). In fact, validation studies in infants clearly == .
show that the 2-pool formulation gives a close fit to the calori-v"“l'd"’Itlon
metric data even in preterm infants weighing <2 kg (20, 21), A summary of all the validation comparisons of DLW to indi-
although calculations using the single-pool model have not beerect calorimetry in human subjects between 1982 and 1996 is
assessed. It seems likely that the 2-pool model works in smafirovided in Table 1. It is not possible to compare the different
humans because of a combination of 2 factors. First, smaformulations of the equations directly on a matched sample of
babies do not necessarily behave physiologically like adulsubjects because the data necessary to recalculate early valida-
small animals of the same body mass with respect to the magrions were not published in the papers. Overtdb{e 2), across
tude of the subsidiary hydrogen elimination. Second, the exter01 subjects the Schoeller et al (25) equation, with the lowest
of their extra hydrogen space is much smaller than that found ipopulation ratio (1.03), overestimated the simultaneous indirect
adults; consequently, the difference between the single- and 2alorimetry by 2.1%. In contrast, in 54 subjects the Speakman et
pool model is reduced. Indeed, in very small infants the ratio o&l (36) equation, with the highest ratio (1.0427), underestimated
hydrogen to oxygen dilution space does not differ from unitysimultaneous indirect calorimetry by 2.2%. The equation of
thus 2-pool and single-pool models give identical results. Racette et al (38) with an intermediate ratio (1.034) overesti-
mated by on average 1.2% £ 36). A limited matched sample
can be compared. In the same 36 individuals reviewed by Racette
et al (38), the Schoeller et al (25) equation overestimated indirect
An issue that has emerged over the past decade is whetherdalorimetry results by 3.3% and the Speakman et al (36) equa-
use individual values of NandN, in the 2-pool model equation tion underestimated these results by 3.1%. Differences between
or to replace these with a population-based average (25). the equations are consequently relatively minor, but should per-
observed variation i, andN, is biological, then it would make haps be borne in mind when relatively small differences are com-
sense to use individual values for the dilution spaces. Alterngpared between studies that might have used different methods, or
tively, if the variation is mostly analytic it would make sense towhen comparisons are made between estimates of energy expen-
use a population-based ratio of the 2 pools. Some authoritiediture using DLW and other methods for determining energy
continue to use individual ratios. However, it is now widely demands, such as food intake.
accepted that the dominant source of variation in the observed It is important to recognize that the average comparisons
pool size ratiol{,/N,) is analytic. This being the case, a popula-across groups indicate only the efficacy of the method for
tion-based average would be better used in the equatiodefining the energy demands of groups. Individual compar-
Schoeller et al (25), on the basis of a limited sample of animakons of DLW to indirect calorimetry have much greater devi-
studies, suggested that the oxygen pool excéebg 1.01 and ations than the group means. Across studies the precision is
the hydrogen pool exceed$ by 1.04, and thus the hydrogen =10% on average (Table 1). Thus, at the extremes, some indi-
pool exceeds the oxygen pool by 1.03. Therefore, the 2-poaliduals may have DLW estimates >20% divergent from simul-

Using individual or population-based dilution spaces in the
2-pool model.

model equation (6) can be reformulated as taneous indirect calorimetry. There is some evidence that part
of this variation can be attributed to analytic problems in cer-

rco, = (N/2.076) - (1.0k, — 1.04k) — tain laboratories; a multiple laboratory comparison (40)
0.0246 - 1.05 - (1.01k — 1.04k) ©) showed wide discrepancies in the isotope enrichment determi-
nations of the same samples analyzed by different groups.

wheren = (N,/1.01 + N/1.04) /2. Nevertheless, precision in the best laboratories is still rela-

The appropriateness of the population-based average of 1.03tigely poor and the method is not yet sufficiently refined to
debated. This value was rounded from a true value of 1.034 (25make confident estimates of individual energy requirements.
but it was based on the relatively small sample size available &epeatability of measurements made by the method at
the time. Subsequent reevaluations using larger data sets haw®—-10% confirm this (53).
resulted in different population averages, ie, 1.0427 (36), 1.02The reasons for this lack of precision are not yet entirely clear.
(37), 1.034 (38), and 1.035 (39). The differences in these estPrecision may improve as the technical instrumentation for mass
mates depend on the inclusiveness of the reviews. Some auth@gectrometric determination of isotope abundances improves.
have concluded that analyses of deuterium directly from urine ardowever, in many circumstances the extents of deviations of
inaccurate and have eliminated these from their compilations adstimates made by DLW and simultaneous indirect calorimetry
data (eg, 38). The consequent differences in the formulation ailready exceed the theoretical precision of the DLW measure-
the equation can result in biologically significant differences inment, given the precisions of the component analyses (54). This
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TABLE 1
Validation studies of the doubly labeled water method in human subjects in comparison to indirect calorimetry (IC) and food intake/mass balance (FI) or
parenteral nutrition (PN)

n nobs Mass Com Eqn Abs Prec Arith n+ n— Min Max  Reference
kg % %

4 4 78.1 Fl L+M 5.0 5.6 +2.1 3 1 —-5.8 7.1 19
2 2 — IC ?L+M 35 35 -2.5 1 1 -6.0 1.0 40
1 1 70.5 IC L+M — — —-4.6 0 1 — — 23
5 5 72.9 IC L+M 8.5 6.8 +5.9 4 1 —-6.5 14.1 22
4 4 — IC C — 2.0 +2.0 — — — — 31
6 6 68.9 IC L+M 8.0 9.0 +5.0 5 1 — — 25
14 14 — IC S — 7.0 +1.0 10 4 — — 25*%
14 14 — IC L+M — 8.0 +4.0 11 3 — — 25*
5 5 53.2 PN S 5.7 5.9 +3.3 4 1 — — 41
4 4 1.59 IC C 4.2 4.8 -1.4 1 3 —-4.8 5.8 20
9 10 3.2 IC S — 6.2 -0.9 5 5 — — 21
5 5 — IC S 4.3 3.9 +1.4 3 2 — — 42
4 8 — IC S 4.8 7.0 -1.0 3 5 — — 43
8 8 2.67 IC S 10.7 12.9 -8.7 — — -29.3 4.8 44
33 33 — ICFI L+M 6.9 6.6 +4.3 26 7 -8.7 20.2 30*
33 33 — ICFI S 51 6.3 +0.6 21 12 —-12.1 16.7 30*
1 1 66.9 Fl S? — — -0.8 0 1 — — 45
4 4 84.6 IC S 2.5 2.5 +15.3 4 0 — — 46
12 12 108.0 IC S 6.4 6.9 —-25 5 7 — — 47
27 27 79.8 Fl S — 0.7 +2.5 17 10 — — 48
8 8 74.1 Fl S 9.7 14.4 +2.2 5 3 —35.0 9.0 49
9 9 71.8 IC S — 4.6 +1.8 6 3 —-4.0 12.0 50
6 6 50.1 IC Cc 15.0 16.8 +7.0 4 2 -23.0 32.0 51
18 18 — IC L+M — — +23.1 — — — — 52
18 18 — IC S — 10.7 +10.3 — — — — 36*
18 18 — IC SNG — 9.3 -0.4 — — — — 36*
36 36 — IC S — 8.9 +3.3 — — — — 37*
36 36 — IC SNG — 7.9 -3.1 — — — — 37*
36 36 — IC R — 8.5 +1.2 — — — — 37*

1Abs, absolute mean deviation (average percentage error with all signs made positive); Arith, arithmetic percentage error including signs; C, Coward 2
pool model using individual dilution spaces; Eqn, equation used to calculate the doubly labeled water results; L+M, Lifson and McClintock single-pool model;
Mass, mean mass of subjects in kg; Max, maximum deviation; Min, minimum deviatiamymber of observations in which the DLW method exceeded the
reference methodipbs, number of comparisons; n +, number of observations in which the DLW method exceeded the reference-metimbder of obser-
vations in which the DLW method was lower than the reference method; Prec, precision calculated as the SD of individual estimates used to derive Arith; F
Racette et al, 1994 (2-pool model fixed ratio 1.034); S, Schoeller et al, 1986, edu{ibpool model fixed pool ratio 1.03); SNG, Speakman et al, 1993
(2-pool fixed pool ratio 1.0432); *, review of previously published validations.
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